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Abstract 
Electrowetting On Dielectric (EWOD) is now used in numerous microsystems like digital lab-on-a-chips. This paper deals with a 
characteristic hydrodynamic flow appearing in droplets actuated by EWOD with AC voltage. In the coplanar electrode 
configuration, two pairs of vortex flows are observed to form in a droplet centred on the electrode gap. All experiments are 
performed in oil as ambient phase and flows in the droplet are analysed using fluorescent beads. At the same time, droplet 
oscillations induced by AC EWOD are also revealed under stroboscopic lighting. These experiments show that vortex location 
and flow configuration can be controlled by frequency actuation with fair degree of reproducibility.  
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1. Introduction 
Electro-Wetting-On-Dielectric, a well-known technique in digital microfluidics, is a very promising way of 
handling small volumes of liquid in micro-systems. By electrically controlling the effective wettability of a droplet, 
liquid handling is made possible without the need for moving parts or external devices. Basic operations such as 
drop displacement, mixing from drop coalescence or dispensing are now fully controlled by different research 
groups. EWOD therefore seems to be a promising approach for bio-protocol integration in a single digital lab-on-a-
chip
1
. EWOD can be actuated using either DC or AC voltage. However, when AC voltage is used, hydrodynamic 
flows are generated inside the droplets. To complement the digital toolbox based on EWOD microfluidics, such 
flows could be considered as a means of developing new basic operations. For instance, the possibility of handling 
objects in a droplet or in the surrounding fluid was recently demonstrated by Chung et al
2
. 
Hydrodynamic flows have recently been observed by Ko et al
3
. from the classical ‘needle electrode 
configuration’ with air as ambient phase. The flow was observed using a laser sheet and fluorescent tracers, and a 
toroidal vortex flow was reported. Furthermore, droplet oscillations were simultaneously observed and the authors 
explained that the toroidal flow originates from such oscillations. However, the mechanisms of EWOD-induced 
flows still remain a subject of debate as demonstrated by our experiments performed on a different electrode 
configuration. 
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 This paper reports on the experimental investigation of flow induced in a droplet activated by AC EWOD, in the 
‘coplanar electrode configuration’ (Fig.1). In this configuration, the droplet spreads over two electrodes covered by 
insulating and hydrophobic layers. The equilibrium state is reached when the drop straddles both electrodes 
4
. A 
major advantage of coplanar electrodes is that the droplet flow (and oscillations) is (are) not disturbed by any needle 
electrode 
5, 6
. Furthermore, the coplanar configuration is generally more conventional for Lab-on-a-chip in open 
configuration
7
. In these experiments, silicone oil was also used as ambient phase to prevent the droplet from 
evaporating and to prevent physicochemical adsorption from the underlying layer. The droplet volume is fixed to 
1.5µl with always the same aqueous buffer.  
The vortex flow revealed at the surface of the droplet and the droplet oscillations were analysed. Quadripolar 
vortices are clearly revealed. Numerous experiments were performed with different droplets and flow structures 
clearly appear to be very reproducible. Furthermore, vortex position was found to be directly controllable by the 
frequency of the applied voltage. 
2. Materials and method 
Fig.1 shows a diagram of the experimental setup. The two coplanar electrodes, microfabricated from a silicon 
wafer, are separated by a 100 µm gap and are made with a 200 nm thick AlSi metal layer. These electrodes are 
covered by a 600 nm thick dielectric layer of Si3N4 topped with a 1000 nm thick hydrophobic layer of SiOC.  
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) Diagram of the experiment setup; (b) Coplanar electrode configuration used in experiment. 
The chip is immersed in silicone oil. A 1.5 µl droplet of Phosphate Buffered Saline (PBS) is placed on the chip 
surface with a micropipette. The droplet solution contains 10 µm diameter fluorescent beads (Intertek CTMA, Duke 
Scientific) and some additional surfactants. The beads, used as tracers, have a density of 1.05 g/cm3. The interfacial 
tension between the silicone oil and the droplet is 21 mN/m, but the electrical conductivity was not measured. The 
AC electrical signal was generated using a generator (Yokogawa) and a home-made amplifier. The amplitude of the 
applied AC voltage, V, was 90 Vrms and the frequency, f, ranged from 150 Hz to 3 kHz. A CCD camera (Pixelfly) 
and a zoom lens were used for image acquisition. Droplet oscillations were visualised using stroboscopic lighting 
produced by a standard LED. The LED is plugged into the AC generator so that the stroboscopic frequency can be 
synchronised with the applied voltage. By shifting the phase between AC actuation and stroboscopic lighting, the 
instantaneous shape of the droplet can be observed during one period of oscillation. 
The fluorescent beads are excited by a 470 nm blue light produced by a mercury lump and a blue filter. A 535 nm 
filter is fitted to the zoom lens to detect fluorescence. It is thus possible to characterise simultaneously both the flow 
and the droplet oscillations at different frequencies of the applied voltage. 
3. Experimental procedure and results 
3.1. Four vortex flows 
Fig.2 corresponds to side view (a) and top view (b) of the flow along the droplet surface for an input frequency:  
f= 150 Hz. At the beginning of the experiment, the beads are dispersed, and a streamline pattern is observed (fig 2a). 
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Then, by increasing the frequency up to 3 kHz, the beads converge together and agglomerate at the centre of the 
vortices where local pressure is the smallest. Once they converge together, they remain agglomerated until the end 
of the experiment (Fig.2b, and Fig3). The streamlines deduced from these experiments are schematised in figure 2-c. 
The flow is characterised by a quadripolar structure of four vortices. This flow is permanent and the mean velocity is 
estimated to be around 1 mm/s.   
 
 
 
 
 
Fig. 2. Side view (a) and top view (b)  of the droplet at 150 Hz . Diagram of the streamlines (c). 
3.2. Analysis of vortex position versus  frequency  
The position of the four vortices on the droplet surface is steady and, interestingly, when input frequency is 
changed, the four vortices move to a new position on the droplet surface. Fig. 3 shows the change in position of the 
vortices in side-view images for three different frequencies. The range of frequencies varied from 150 Hz to 3 kHz. 
The two vortices in the side view images are always centred on the electrode gap. At a frequency of 3 kHz the 
vortices are located in the vicinity of the triple contact line (TCL) while almost no motion is observed on the rest of 
the drop surface. At a frequency of 150Hz, the vortices are located at mid-height of the droplet, while at 600 Hz they 
stabilise at an intermediate position. At high frequency, the vortex structures get closer to the electrode gap and the 
mean velocity decreases. These experiments demonstrate a surprising reproducibility and reversibility of vortex 
locations when actuation frequency ranges from 3 kHz to 150 Hz and vice versa.  
3.3. Droplet Oscillations 
The droplet oscillations induced by AC EWOD are also simultaneously observed by shifting to stroboscopic 
lighting (Fig.4). The change in input frequency leads also to a change in oscillation mode. For f = 150 Hz, large-
amplitude oscillations are visible on the whole surface of the drop while for 3kHz, the oscillations are hardly visible 
and are located near the TCL. At 150 Hz the amplitude of drop deformation is maximum at the apex and at mid-
height of the droplet, which could correspond to the second radial eigenmode. 
4. Discussion  
Reproducibility of the vortex flow and droplet oscillations was achieved by using oil as ambient phase, thereby 
allowing the drop to keep a constant volume by preventing it from evaporating, and also reducing surface hysteresis 
by enhancing TCL sliding. 
 A correlation between droplet oscillation and induced hydrodynamic flows was earlier reported by Ko et al.
8
. In 
the present experiment there is probably also a strong link between oscillation mode and vortex position. More 
precisely, the vortices may be located at a latitude where surface oscillation amplitude is greatest.  
Contrary to the needle electrode configuration, the coplanar electrode configuration is not 2-D axisymmetrical.  
The flow pattern observed here, which exhibits four symmetrical vortices with respect to the gap is still not clearly 
explained, but two interpretations can be proposed: a first hypothesis is that the presence of the electrode gap (100 
µm) may locally disturb the normal electrostatic stress at the TCL and consequently can induce a non-perfect 
axisymmetrical shape of the drop oscillations. A second hypothesis is that a Maxwell tangential electrical stress
 9
 
may arise along the drop surface and may, together with the oscillations, contribute to this typical flow pattern. 
Owing to the singularity of the electric field at the TCL, a non-trivial model is required to estimate the tangential 
electrical stress contribution in this configuration.  
a b c 
1109R. Malk et al. / Procedia Chemistry 1 (2009) 1107–1110 
  
 
Fig. 3. Location of vortices for an input frequency of respectively 150 Hz, 600 Hz and 3 kHz. The droplet profile is represented by the red 
dashed-line and the electrode gap is represented by the white segment.  
                  
Fig. 4. Droplet profiles for an actuation frequency of 150 Hz, 300 Hz , 600 Hz and 3 kHz. The phase lag between the stroboscopic frequency and 
the actuation frequency is 90°. Although not detectable in the figure, oscillations of the TCL are also observed by CCD camera. 
5. Conclusion 
The surface flow induced by AC EWOD in the coplanar electrode configuration has been analysed. A perfectly 
quadripolar flow with four symmetrical vortex structures was investigated. Potential applications of this research 
include, for example, the handling of cells or macromolecules with biological sample preparation. The ability to 
control the vortex position precisely by adjusting only one input frequency is a key factor for promoting the use of 
such EWOD induced flows in a future lab-on-a-chip.  
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